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e Introduction

* QQ in Small Systems — Large Systems
* Focus on medium interactions

» Exotic hadrons containing QQ
* X(3872) in the QCD medium

e Brief look to the future
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Solve Schrodinger equation with the potential

. 4
V(()CC)(r) =73 % + br +

Phys. Rev. D 72, 054026 (2005)
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Dissociation via interactions
with comoving particles
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e a Hydrodynamic flow induced

Dissociation via interactions by pressure gradients
with comoving particles (initial state?)
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e a Hydrodynamic flow induced

Dissociation via interactions by pressure gradients
with comoving particles (initial state?)

Suppression via color
screening
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Diffuse medium

0O

Q @ Hydrodynamic flow induced

Dissociation via interactions by pressure gradients
with comoving particles (initial state?)

O O @

Suppression via color Production via coalescence
screening

* Additional initial state effects from modified nPDF and energy loss can also be significant in collisions with nuclei.

Experimentally, we use different collision systems/kinematic regions to

ireiare environments where different effects dominate for different irobes.
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Every experiment contributes to quarkonia physics 'Los Alamos

Taken together: ———esTisa ———
S5 < y < 5
0< pr <several hundred GeV
~0 <T < hundreds of MeV

==}

Heavy lon Collision Event

. Run 168665, Event 83797
Ti 1-08 CET

“CMS Expériment at the LHE, CERN
ot e N

Pb-Pb /sy = 2.76 TeV
run: 137171, 2010-11-09 00:12:13

Matt Durham - Hard Probes 2020 12
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* QQ in Small Systems — Large Systems
* Focus on medium interactions




Charmonium 1n pp vs. multiplicity
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New ALICE results on J/i production in 13 TeV pp
shows faster-than-linear growth with multiplicity:

various CGC calculations match data

.
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OO 1 2 3 4 5 6 7 8 0 1 2 3 4 dN g INEL>0
4N,/ < ANg/dn
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New ALICE results on J/i production in 13 TeV pp Hints that 1(2S) production does now grow as fast as J/i with
shows faster-than-linear growth with multiplicity: multiplicity — initial state models should give similar trend for both.
various CGC calculations match data Final state effect suppressing Y(2S) in pp?
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various CGC calculations match data
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Hints that y¥(2S) production does now grow as fast as J/y with
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ALICE Preliminary, pp, Vs = 13 TeV
L e Uy, y(2S) 5 pu, 25 <y <4

| [ | Comovers (E. Ferreiro, PLB 749 (2015) 98)

| [ ]Systematic uncertainty
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dN,,/dn
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INEL>06
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multiplicity — initial state models should give similar trend for both.
Final state effect suppressing yY(2S) in pp?
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1.8 f— e STAR RpAu lyl<1 J/y—ete
1.6/ STAR Preliminary Midrapidity STAR data shows little J/ip
~ o PHENIXR,,,|y|<0.35 J/y—e'e , . . .
1.4 modification at intermediate p:
1.2 * Consistent with nPDF calculations

“\‘“\\’.‘ SRR, AT o stnre
S /;‘;hf?‘;f“?:"" ..... T L e * Consistent with PHENIX d+Au data
2 !‘. ‘A‘, -
» A

Rp(d)Au

CNM not dominant effect in AA 1n this range

0.8

0.6
Rgau NCTEQ15 Lansberg & Shao

0.4— 3] Ry, EPS09NLO Lansberg & Shao
C )Ry, EPS09NLO Ma & Vogt

0.2 - == Ry, NDSg + 6_,_=4.2mb Ferreiro et al.
N 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1 I 1
00 2 4 6 8 10 12




J/A in small systems at RHIC —Goootimms 0] {02 aamos

p+Al p+Au 3He+Au NATIONA:STIT:S;‘B;:)RATORY
1910.14487 o—<@ o—><—. N
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m1-6_| ' | ' I v I ’ 7 / ’ I | ' | " | N ] Y I, 7 | ' I | ! | " I3 ! | ' I, 7 I !
n,_.< - o 0%-100% p+Al Inclusive J/y (@) e 0%-100% p+Au Inclusive J/y  (b) e 0%-100% “He+Au Inclusive J/y  (c)
1.4 VS =200 GeV VS =200 GeV VS =200 GeV
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0
y

- EPPS16 LO (Vogt) EPPS16 LO (Vogt) EPPS16 LO (Vogt)
0.2 EPPS16 (Shao) EPPS16 (Shao) EPPS16 (Shao)
e nCTIEQ15 (Spao) | : F, n('IJTEQ15 (lShao) | : | | n(?TEQ15 (lShao) | | |
0 -3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3 -3 -2 -1 1 2 3
y

y

Forward rapidity (p or 3He-going direction): o . -
« Data generally in agreement with nPDF calculations Significantly improved precision in state-of-the art nPDF
calculations, which include D, J/i, and Y(1S) LHC data

Backward rapidity (A-going direction): : , ,
e Data from Au nucleus is inconsistent with nPDF calculation: Kusina, Lansberg, Schienben, Shao,
Phys. Rev. Lett. 121, 052004 (2018)

* Additional effects required to explain data
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Forward rapidity (p or 3He-going direction):
« Data generally in agreement with nPDF calculations Significantly improved precision in state-of-the art nPDF

calculations, which include D, J/1p, and Y(1S) LHC data
Kusina, Lansberg, Schienbein, Shao,
Phys. Rev. Lett. 121, 052004 (2018)

Backward rapidity (A-going direction):
e Data from Au nucleus is inconsistent with nPDF calculation:
* Additional effects required to explain data

Matt Durham - Hard Probes 2020 20
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P ’j Y(2S)
‘:‘ At both forward and backward rapidity, J/ip well

_ 4g. 2003.06053 described by nPDF calculations: initial state dominates
5 ALICE, Inclusive y(2S), J/ u . i
& ALC v%c:zl\q% 4G V,)pT v Mal:k.ed difference from PHENIX data, where
- o y(29) additional effects are required to match
14 - ¢ Jhy (JHEP 07 (2018) 160) backwards J/l/) data
128  J/i breakup smaller at LHC - smaller crossing time
Ll L i
0.8F
0.6F
0.4 EPS09NLO + CEM (R. Vogt ° ° :
: HOTEQI5 2 HELAC-Onia 0) Lansberg etaly | Backwards (28S) data shows inconsistency with nPDF
02 " CGC + CEM (B. Ducloue et al.)
C 1 Energy loss (F. Arleo et al.)
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QQ in pPb

Rpr
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2003.06053

1 -

ALICE, Inclusive y(2S), Jiy — uu-
p-Pb \s,, =8.16 TeV, p, < 12 GeV/c

CGC+ICEM (Y.Ma et al, PRC 97 (2018) 014909)

V(2S) Jhy
Comovers (E. Ferreiro, PLB 749 (2015) 98)
n ==y(29) =iy
0 B ——
n
" H ------- - -
® y(29)

¢ Jly (JHEP 07 (2018) 160)
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At both forward and backward rapidity, J/i well

described by nPDF calculations: initial state dominates

 Marked difference from PHENIX data, where
additional effects are required to match
backwards J/i) data

* J/i breakup smaller at LHC - smaller crossing time

Backwards 1(2S) data shows inconsistency with nPDF
* Tension eases when final state comover breakup is
included, small effect for forward.

Similar effects previously observed by PHENIX, ALICE, LHCb
Similar sequential suppression of ¥'(nS) also observed in pPb

Matt Durham - Hard Probes 2020 22
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At both forward and backward rapidity, J/i well

described by nPDF calculations: initial state dominates

 Marked difference from PHENIX data, where
additional effects are required to match
backwards J/i) data

* J/i breakup smaller at LHC - smaller crossing time

Backwards 1(2S) data shows inconsistency with nPDF
* Tension eases when final state comover breakup is
included, small effect for forward.

Similar effects previously observed by PHENIX, ALICE, LHCb
Similar sequential suppression of ¥'(nS) also observed in pPb

Matt Durham - Hard Probes 2020 23
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Data on J/i production is consistent with nPDF, however: Significant J/i) v, observed in pPb collisions
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Data on J/i production is consistent with nPDF, however: Significant J/i) v, observed in pPb collisions

sub

I Yousen Zhang, Mon 11:20
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—— T T T T T T T T T I T T
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0.0 = + |
B ol | | 1 + §
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- Los Alamos

orian Damas, Mon 1:35 I

T T | T T 1 | [

ALICE 20-40% Pb-Pb |s,, =5.02 TeV

 2005.14518 | |

o | I | L

Inclusive J/y, 25 <y <4
e V,{SP, IAnl >1.1}
[JSyst. (uncorrelated)

I T | | I I | L1

i

TAMU (X. Du et al.)
[ Inclusive J/y
--- Primordial J/y

0

I|I|I|I
4 6 8 10 12 14 16

P, (GeV/c)
* Similar to PbPb; some differences observed at high pt, typically attributed to L dependent energy loss, not present in pPb
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Data on J/i production is consistent with nPDF, however: Significant J/i) v, observed in pPb collisions EsT.1943
I Florian Damas, Mon 1:35 I

CMS I Yousen Zhang, Mon 11:20
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i . O ] 0.1 IR ] s

s f 9 D o - ] i
2N 0.1 — I :

:
11 “
S
ITI [ l?
|

TAMU (X. Du et al.)
[ Inclusive J/y
--- Primordial J/y

0.0

‘ ‘ In-medium J/y in MB pPb
|

(Du Rapp, JHEP 03 (201 9) 01 5)
8 | %005145 1|8 | | ! | ! | | | | | |
0 2 4 6 8 10 12 14 16
PT (GeV) p. (GeVic)

* Similar to PbPb; some differences observed at high pt, typically attributed to L dependent energy loss, not present in pPb
* Transport model with short lived plasma phase in pPb does not give large v2 in pPb (does describe low pT PbPb)

| | I I |
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Data on J/i production is consistent with nPDF, however: Significant J/i) v, observed in pPb collisions EsT.1943
I Florian Damas, Mon 1:35 I
T | T T 1 1 T

CMS I Yousen Zhang, Mon 11:20 Ipr 8 16TeV S e —— T ]
R S - ALICE 20-40% Pb-Pb |5, =5.02TeV -
- @ Prompt J/ép O Ks 185 <NOF"™ <250 | 021 Inclusive JAy, 25 <y <4
0o| @ PromptD™ O A PLB 791 (2019) 172-194_] - o v,{SP, IAnl > 1.1} -
s e) O . i [JSyst. (uncorrelated) 1
I - o ] 0.1- *T oy m -
a . 8 O I O . - |
RN 0.1 DQ ¢ — i i
®
- Do 4 ] 1 W ]
i CGC (Zhang et al EI 1 0_ ............................................................................ -
i PRL 122 (2019), 172302) 1 . TAMU (X. Du et al.) ]
0.0 — B i 7
In-medium J/y in MB pPb ] I - 'Ff,‘:,’r';‘ﬁ'r;?a;'{,‘y -
- v |
. - (Du, Rapp, JHEP 03 (2019) 015) . —0.17

0 I I l 2 l ' l 4 l l I 6 l I I 8 I ' | %00?145L8 | | | | | | I | | | I ]

0O 2 4 6 8 10 12 14 16
p, (GeV) p. (GeV/c)

* Similar to PbPb; some differences observed at high pt, typically attributed to L dependent energy loss, not present in pPb
* Transport model with short lived plasma phase in pPb does not give large v2 in pPb (does describe low pT PbPb)
* CGC calculation describes part of pPb v2; however CGC has mixed results describing light sector v2

MAJOR OPEN QUESTION
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Data on J/i production is consistent with nPDF, however: Significant J/i) v, observed in pPb collisions
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oo ¢+E =
PRL 122 (2019), 172302)

Yousen Zhan Mon 11'20 I 020 T T T T T T T T T T T T T T T T T T T
CMS I g Pb 8.16TeV - :
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a I 8 O o < 010F A=05GeV
3>N 0_1_— g] : Qg =5 GeV2

CGC (Zhang et. al. P 0.05
-
0.0
In-medium J/@ in MB pPb 0.00 -
- | (Du, Raplp, JHEP 03 I(2019) 01 5)I B I" | |
0 2 4 6 8 0 1 9 3 4
Py (GeV) kL (GeV)

* CGC calculation gives very similar v2 for Upsilon states on pPb: next challenge for experiments
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Textbook example of color screening
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Textbook example of color screening
Well described by models
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Y(HS) in PbPb [Songkyo Lee, Mon 1115 - Los Alamos

PbPb 368/464 ub™', pp 28.0 pb™' (5.02 TeV)
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Textbook example of color screening Generally good agreement between
Well described by models ATLAS and CMS
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ALICE PRL 015 ~ PbPb1.7 nb’’ (5.02 TeV)
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In contrast to J/i, no significant v, is observed for ¥ (1S) by ALICE or CMS.
Little or no recombination due to relative low b density in QGP, as expected from models.
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Hard Probes 1-9: 0 talks
devoted to X(3872)

Hard Probes 10: 4 talks!
2 experiment, 2 theory

» Exotic hadrons containing QQ
* X(3872) in the QCD medium




Exotic QO states: XYZ
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Exotic QO states: XYZ

Dozens of states containing c¢¢ and bb have been discovered
that are not predicted by any QQ potential model

Compact tetraquark Hadronic molecule

r~1fm

Interactions in QCD medium are
dependent on binding energy/structure

)

Production of multiquark exotics is especially
sensitive to recombination/coalescence effects
that are expected in heavy ion collisions
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Exotic X(3872) in diffuse medium (8 TeV pp) 7o Alames
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LHCb-CONF-2019-005
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Systematic uncertainty box fully

correlated point-to-point
| Cameron Dean, Wed 12:25 I
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LHCb-CONF-2019-005
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 B-decay component consistent with constant b NYELO

* Production in vacuum unaffected Systematic uncertainty box fully
correlated point-to-point
| Cameron Dean, Wed 12:25 I
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LHCb-CONF-2019-005
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Exotic X(3872) in dense medium (PbPb)

CMS-PAS-HIN-19-005

- Los Alamos

1.7 nb™ (2018 PbPb 5.02 TeV)

10°E
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10 20 30 40 50 60 70
pT

Prompt X(3872)/ ¥(2S)=1.10+0.51 = 0.53 in PbPb at 5 TeV
Prompt X(3872)/ ¥(2S) = 0.1 in pp at 8 TeV



Exotic X(3872) in dense medium (PbPb)

CMS-PAS-HIN-19-005

CMS Preliminary

1.7 nb™* (2018 PbPb 5.02 Tev),

- Los Alamos

I Biaogang Wu, Wed 1:25 I

450:_ Inclusive 15 <p_<50 GeVic E 4 L | | | ! ! _
400F T oyi<1s P - Tetraquark F==m
(\7\3505_ Cent. 0-90% _2 . - Molecular s
§3005 . © gl EQinit  ° | Transport model gives
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2 150F ER O 2- - by factor of ~2 in PbPb
(5 400f- 2 £ |
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b et S 1T ’ . | future PbPb data sets.
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Prompt X(3872)/ ¥(2S)=1.10+0.51 = 0.53 in PbPb at 5 TeV
Prompt X(3872)/ ¥(2S) = 0.1 in pp at 8 TeV

Intriguing data! Inconclusive with these uncertainties.
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* Brief look to the future



Fixed target at LHCb: SMOG II L% Alamos

NATIONAL LABORATORY

EST.1943

I Barbara Trzeciak (AFTER physics program), Wed 1:55 I

ELECTRICAL CONTINUITY
BETWEEN CELL AND RF FOIL

FLOATING HALF CELL SUPPORT
CONNECTED TO THE RF FOIL
FRAME

I Samuel Belin (Future of LHCb), Thurs 10:55 I

STORAGE CELL
SUSPENSIONS

Int. Lumi. 80 pb-
CONICAL TRANSITION THE CELLCENTER SYS.errOr of JI¥Y xsection ~3%
i o FLEXIBLE WAKE FIELD SUPPRESSOR zl())(;?l:CA#El;:%LTSHl:EPI:? ::gu. J/¥Y Yle|d 28 M
— : e n DO yield 280 M
https://cds.cern.ch/record/2673690/files/LHCB-TDR-020.pdf A, vield 58 M
P yield 280 k
Upgraded SMOG system at LHCb allows greatly Y(15) vield 24 k
increased rates of beam+injected gas collisions DY utu~ vyield 24 k

Large heavy flavor samples
Access to exotic states near RHIC energies

No centrality limitations in p+gas or Pb+gas at LHCb
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New detector at RHIC: sPHENIX A2 Alamos

f = | I Rosi Reed, Fri 8:00 I
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Precision bottomonium measurements at
RHIC are a major focus of sSPHENIX




Future facility: electron-1on collider
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EIC site selection at BNL announced Jan 2020

Charm production 1nside the nucleus probes:

* Parton structure of nucleons

* nPDF modifications

»  QCD energy loss | XuanLi, Thurs 10:35 |

In the kinematic range accessed by the EIC,
hadronization inside the nucleus becomes an
important effect on observables

Vitev, 1912.10965

Matt Durham - Hard Probes 2020 45
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Future facility: electron-ion collider

—

EIC site selection at BNL announced Jan 2020

Electron
Injection

Charm production 1nside the nucleus probes:

i e Parton structure of nucleons
A * nPDF modifications
/ 21{{{:’ ° QCD energy loss I Xuan Ll, Thurs 10:35 I

et+A collisions have relatively low backgrounds —
well suited for studies of higher charmonia and
| exotics: P, ZF, xc, ...

Weakly bound Tightly bound
o @

Booster |\.i < g /
& Y @\I % o \
Alternating Gradient ® i ,
Sychrotron D \ &
0 500 ft. {

E. Aschenauer, Wed 9:15 I

Matt Durham - Hard Probes 2020 46
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* Quarkonia remains a major focus of heavy 1on physics 34 years after Matsui and Satz
* Contributions from all experimental collaborations — a wealth of data
 Strong synergy with theory community

* The lines between small and large systems are continually becoming blurred
* Final state suppression manifests in many systems at high multiplicity
 Universal understanding of J/y flow from small to large systems remains elusive

* Exotic multiquark states are becoming accessible in a QCD medium
* Medium probes exotic properties < Exotics probe medium properties

* Exciting future programs of in-medium quarkonia studies at LHC/RHIC/EIC to come

2
3 Los Alamos is supported by the US Dept. of Energy/Office of Science/Office of Nuclear Physics

Matt Durham - Hard Probes 2020 47
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We have only measured 2 charmonium We have only measured 3 bottomonium » Los Alamos

states in heavy ion collisions at LHC. states in heavy ion collisions at LHC. NATIONAL LABORATORY
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Quark Model of Hadrons

Volume 8, number 3 PHYSICS LETTERS

1 February 1964

A SCHEMATIC MODEL OF BARYONS AND MESONS

M.GELL-MANN
California Institute of Technology, Pasadena, California

Received 4 January 1964

A simpler and more elegant scheme can be
constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we asmgn to the triplet t the followmg
properties: spin 3, z = -3, and baryon number1
We then refer to the members us3, d-‘, and s-3 of

the triplet as "quarks" 6) q and the members of the

*

tatmns 1, 8 and 10 that have been observed, while
the lowest meson configuration (qq) similarly gives
just 1 and 8.

s Los Alamos

NATIONAL LABORATORY
EST.1943

AN SU, MODEL FOR STRONG INTERACTION SYMMETRY AND ITS BREAKING

3

¥
) 8182/14. 401
19 Janunary 1964

. Zwelg
3

CERN »~ Geneva

In general, we wouvld cxpcct that baryons are bullt not only from the
product of three aces, AAA, bdbub also fnﬂE KAAAA, AAAAAAA, )etc.,
where denotes an anti-ace, Similarly, mesons could be formed

pte. Tor thoe

low massg mesons and baryons we will

assume the simplest possibillities, An and AAA,  that is,

Tdeuces and treys".

States with >3 quarks have been
expected since the beginning
of the quark model




Charmonium 1n pp - RHIC

PHENIX: PRD 101 (2020) 5, 052006
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ATLAS-CONF-2019-047 Cor roas
— S : : —_ : :
(?3 10°k ATLAS Preliminary  Prompt Jiy (%5’ ATLAS Prellmmary Non-prompt J/y
8 104 Vs=13TeV, 139 fb! idatax10f,1.50<lyl<2.00 8 B \{_ 13 TeV, 139 fb™ idatax10f,1.50<lyl<2.00
o . = data x 10", 0.75 < Iyl < 1.50 = 1 data x 10", 0.75 < Iyl < 1.
Prellmlnary re SUlt from ATLAS: 0|3 10° g +-datax10°,000<lyi <075 o3 +-data x 10°,0.00 < Iyl <0.75
olg R e o|lg” 10°
:;_ 102 o I—.—:_._:—Q—i ‘;; 102 }—Q—IH_:_H
oy 10 ot ,_._:—._l % I—.—I'_HI—H'_H
J/ measured up to 360 GeV ! e el e 1 10 Mg iliag Mos e
i 1 |—0—«'_H'_H,_._|—!_' é 1 P e, et
Y(2S) measured up to 140 GeV & o el a pa
107"
2
10° 102
f L L L | L L ! "
60 70 80 90100 200 300 60 70 80 901 00 200 300
p(up) [GeV] p(up) [GeV]
S‘ T T T T l i i T T s‘ T T :
2 104_E ATLAS Preliminary ~ Prompt y(25) ;_ 2 ATLAS Prellmlnary Non-prompt w(2S) |
) E Vs=13TeV, 139" 4-datax10®150<hi<2003 5 10° Vs=13TeV, 139 fb™" +4-datax10% 1.50 <lyl <2005
= 03‘ -4-data x 10", 0.75 <yl <1.50 | e —4-data x 10", 0.75 < Iyl <1.50
ag .3_ 1 *E‘: ~4-data x 10°,0.00 < Iyl <o.753E Qg 1;'_ 10° —4-data x 10°,0.00 < Iyl <o.75_§|
o° - e . o° 3
2 10? E - E ;;_ .
e n
Q L e o '_f_' 3 %) —— 1
S!,} E —o—i . 3 % 3
< B o 5 — T = I 3
o 155 e ER
107k - . 3
E . . . . .3 101 . . .
60 70 80 90100 200 300 60 70 80 901 00 200 300

p(up) [GeV] () [GeV]




Charmonium 1n pp - LHC 732 Alamos

ATLAS-CONF-2019-047 NATIONAL LABORATORY

EST.1943

ATLAS PreI|m1|nary 4150 <lyl <2.00 _ | |
Vs =13 TeV, 139 fb’ _+_0_75 <lyl <150 (%5 ATLAS Prellmlnary Non-prompt J/y
. . Non-prompt JAp Cross-Section ) \{_ 13TeV, 139 b +dataxwf byt gipent
Preliminary result from ATLAS: $000<lyi<075 2 :g: Temmnid ooosm<or
IFONLL / Data 3
s E . & :“H:“*m
J/ measured up to 360 GeV T o 5 L ot e e
Z 25 — =2 1 I .
Y (2S) measured up to 140 GeV S o ® o -,
(@] =
-,GEJ 1.51_ o
Non-prompt component (from b 05 60"70 8090700 200 w’;*?eoew
. = p
decays) diverges from FONLL poE '
1 2E- 3
calculations for py> 100 GeV = 3 ATLAS Proiminary  Non-prompl (%) 3
1 ] 10° Vs=13TeV, 139 fb" +4-datax10% 150 <yl <2003
= . ~4-data x 10',0.75 < Iyl <1.50 7
0'55_ Qgﬁ_ 10° —+4-data x 10°, ooo<|y|<o75_§|
5 ° 5
3 —~ ]
25F 5 E
oF &% .
155 s EE
1 @ ]
0.5 3
60 70 80 90100 200 300 107 - -
60 70 80 90100 200 300
(1) [GeV] ot (061



J/ flow: pPb and PbPb
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R . nCTEQ15 EPPS16
Q:d B — LHCb prompt D° LHCb ] 1 .Qong."?a! ,El ,R.ev,ve.lg,ht.eq IZ,] : LHC,b .d,at.a e ALIIC.E,d.at,a. =
: i LHCb tJ/ \[Ser = i
2 &HELAg%rgng\I(’) Sy = TeV 3 1=0.54
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. . . . Kusina, Lansberg, Schienbein, Shao,
This data is already being used to constrain Gluon shadowing and antishadowing in heavy-

the gluon nPDF down to x~5x10-® flavor production at the LHC
Phys. Rev. Lett. 121, 052004 (2018)
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Phys. Lett. B Volume 774, 10 November 2017, Pages 159-178
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200306053 ~ 2_ 1 r r 11 rr 11 rrr 1 1111 1]
g 18¢ ALICE, Inclusive y(2S), Jiy — n'u- ?: ~18F L.HCb —— pPb, Pbp JHEP 11
T 8- p-Pb {s\=8.16 TeV, p <12 GeV/c Q:Q‘ F . EPPS16  (018)194 1
- * y(29) 1.6 B nCTEQI15 .
4 Jhy (JHEP 07 (2018) 160 - :
: v (2018) 160 141 | | EPSO9LO+comovers -
1.2 12k [ 1 nCTEQ15+comovers ]
1 - of T I 1 h
08F

0.6}

. .O . .
AN
Illlllllllllllllll

04F EPSO09NLO + CEM (R. Vogt) E
- s nCTEQ15 + HELAC-Onia (J. Lansberg et al.) p.<25GeV/c ;
0ok CGC + CEM (B. Ducloue et al.) 02 T B
B  Energy loss (F. Arleo et al.) \/S =8.16 TeV ]
0_||||||||||||||||||||||||||||||||||||||||||||||||| O ||N|||||||||||||||||-
-5 4 -3 -2 -1 0 1 2 3 4 5 _4 b 0 b 4

ycms y*
At both forward and backward rapidity, J/1 and Y (1S) states are well described by nPDF calculations: initial state dominates
* Marked difference from PHENIX data, where additional effects beyond nPDF were required to match backwards data
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y cms y*
At both forward and backward rapidity, J/1p and Y(1S) states are well described by nPDF calculations: initial state dominates
Final state effects required to explain suppression of excited states at backwards rapidity
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DD Molecule
state e J/'(p X0 Xel X2 W X(3872)
mass [GeV] | 2.98 | 3.10 | 3.42 | 3.51 | 3.56 | 3.69 3.872
AF [GeV 0.7510.64 | 0.32 1 0.22] 0.18 | 0.05 0.00001%
(GeV] | 0. ' ' ' ' 221 0.00027

Satz, J. Phys. G 32 (3) 2006



Exotic X(3872) in diffuse medium (8 TeV pp) 1ol alamos

LHCb-CONF-2019-005

c\1(:1 0000 f— ' LHCb Preliminary -.5.
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> 9000 < £
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Jwyntn

Prompt fraction of X(3872) and Y(2S) both

drop as function of event activity:

* Increasing b component?

* Suppressed prompt component?
i.e. final state effect in pp?

| Cameron Dean, Wed 12:25 I
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“No significant contribution from coalescence” at o2 Alames
poT > 10 GeV/c for charm baryons

EST.1943

PLB 2020) 1 2

Charm quark coalescence? Milan Stojanovic, Wed 13:45 %,

0.7 PbPb 44 pb”, pp 38 nb™" (5.02 TeV) @
E CMS \pE | Data
0.6y <1 < PYTHIA8 Ve
—~ | PbPb LA
IOD 0.5:— m Data: Cent. 0-100% ... PLB 7985((2%189))9;187 GOOd agreement between
+ = -
A o4l Global uncertainty pp data and PY_THIA8 with
N s - pp: 20% color reconnection
~_ I ? PbPb: 312 /
<£0.3¢ $+ . /“\
+-I; - B LN
Lozt T Lack of an
0t oo o \ H\ enhancement in PbPb:
' \/ No significant contribution
O "8 10 12 14 16 18 20 from coalescence
P, (GeV/c)
Daniel Tapia Takaki Hard Probes 2020 — Austin, Texas June 1, 2020 14



Quarkonia 1nside the nucleus

Fixed target p+A experiments also operated in a kinematic region
where quarkonia hadronized inside the nucleus — similar to EIC

0.9 %
[ e Jy

08 oy
| E866/NuSea I
07T 800 GeVp +A->Jiy

' 'E866, PRL 84 (2000) 3256-3260
0.6 2 -
0 0 0. 2 0 4 0 6 0.8 1.( ——  Glauber model -4 0.05 J/ ¢

XF ---------- Error on Glauber model

----- O parametrization
Ll ‘ L L L L1l ‘ L 1 L Ll | L L L 0‘04
2
1 10 10

Target mass number

.. : _ P28 e
Significant differences observed between states with 0
same quark content, but different binding energies

- Los Alamos

=)}

. NASO, EPJ C48 (2006) 329 Natural explanation based on size:

Larger (weakly bound) states sample a
larger volume of the nucleus while passing
through — larger absorption cross section

n
T

0.1
41 0.09

w
T

- 0.08

1 007 Arleo, Gossiaux, Gousset, Aichelin PRC 61 (2000) 054906

BWG(J/\II) / A (nb/nucleon)
-
B'Wc(w') / A (nb/nucleon)

- 0.06
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Recent LHCDb Discovery — P, States Lo} Alamos

+q/0 + M %
Select daughters from the decay 2D s.b*

0 - 1200
Ab — K — data LHCb
- — total fit PRL 122
1000F —background 222001 (2019)

Masses are close to meson+baryon thresholds

— candidate for hadronic molecule 800
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Charged Exotic — Z_ State Lot Alamos
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Select daughters from the decay

BY e@{*@

_Phys Rev Lett 112 222002 (2014)
~ 1000 [ N —
EX - LHCb . _
D)
(D - -
Q|
a 2(4430)
> 500
8
S
o
08
S
<
O
Charged and contains cc¢ : Minimal 4 quark content: ccqq 16 18 20 22

m?.- [GeV?]

Mass is NOT close to any hadron+hadron
threshold — candidate for compact tetraquark



